Epidemiological evidence suggests that an adverse in utero environment is associated with an increased risk for developing adult onset diseases. The molecular mechanisms for susceptibility to chronic noncommunicable diseases are not fully understood, although recent research has proposed that epigenetic modifications play an important role in fetal programming. Genetic and environmental factors contribute to interindividual and spatiotemporal tissue-specific methylation patterns. Although the diverse environments and high genetic diversity of African populations provide unparalleled potential to investigate the effects of environmental change on the epigenetic profile in humans, only a small percentage of genomic and epigenetic studies have focused on populations from this continent. This emphasizes the need to build capacity in Africa for research that leads to an understanding of the association between genetic, epigenetic and environmental risk factors for noncommunicable diseases on the continent.
future science group Review Hobbs & Ramsay natal risk factors in an attempt to curb this growing e pidemic [3, 5] .
The Developmental Origins of Health and Disease paradigm (DOHaD) is a multidisciplinary field that examines how 'environmental factors acting during the phase of developmental plasticity interact with genotypic variation to change the capacity of the organism to cope with is environment in later life' [6] . Since Barker proposed this model by showing that a low birth weight is associated with an increased risk of CVD later in life, this concept has been extensively studied and given rise to complementary hypotheses [7] . The thrifty-phenotype hypothesis proposes that an early life exposure to malnutrition regulates genes to operate in a manner suited for a nutritionally suboptimal environment. Such an adaption may improve short-term chances of survival but may be deleterious to long-term health given a more resourced environment [3, 8] . Fetal metabolic programming is a concept first suggested by Barker and Hales in the early 1990s. They hypo thesized that fetal and perinatal events, such as maternal over-and undernutrition, were central to determining the risk of developing chronic metabolic diseases, such as diabetes, CVD and obesity, in adulthood [9] . The theory of a mismatch between a nutritionally adverse in utero environment and an increased susceptibility of developing adult onset disease is of particular interest in low-and middle-income African countries. In these countries, the standard of living increases substantially within one generation [3] . People are born into nutrient scarce rural environments and move to urban areas where they are exposed to NCD risk factors (smoking, drinking, less active, unhealthy diet). Although malnutrition and starvation remain an unresolved problem in Africa, where approximately 27-51% of women of reproductive age are underweight (WHO), the prevalence of NCDs in urban areas is on the rise. The growing burden of disease in these developing economies may be underpinned by early life exposure to limited nutrition [3, 4] . There is substantial evidence that supports the hypothesis that increased susceptibility to NCD is influenced by prenatal exposures [10] , and some of the most striking examples of developmental pl asticity have come from studies on the effects of f amine.
Maternal malnutrition in humans
A study which demonstrates the long-lasting effects of an early adverse nutritional environment on health and disease susceptibility is the Dutch Hunger Winter Cohort [11] . This cohort comprises both men and women who were exposed in utero to the Dutch famine of 1944-1945 [11, 12] . Individuals exposed to under nutrition during early gestation exhibited an increased risk for metabolic, cardiovascular and other complex diseases [13] . In rural Gambia, there is seasonal variation in the availability of micronutrients with an alternation between the dry season (when food is plentiful) and the wet season (when there is less food available and therefore poorer nutrition). This dramatic seasonal fluctuation in nutritional status has an important impact on pregnant women. During the nutritionally poor rainy season, a high incidence of deficiencies in several essential micronutrients has been observed in pregnant women [14] . This seasonal deficiency is associated with an increased incidence of low-birth-weight babies, as well as childhood morbidity and mortality [14, 15] . In 1967, a civil war broke out in Nigeria after the Igbo people of the south-eastern provinces declared their independence as the Republic of Biafra. The war was a culmination of ethnic, economic and religious tensions among the various peoples of Nigeria. Disapproving of the separation, Nigerian forces pushed the Biafra people into a small enclave and cut off food supply. This resulted in an extensive famine among the Igbo people [16] . The Biafran famine cohort consists of 1339 Igbo individuals who were born between 1965 and 1973, i.e. before, during and after the Biafran famine. Hult et al. studied the risks for hypertension and glucose intolerance 40 years after fetal exposure to the famine. They found that fetal and infant undernutrition is associated with significantly increased risk in 40-year-old Nigerians. This study highlights that the prevention of undernutrition during pregnancy and in infancy must become a high priority in health, e ducation and economic agendas [3, 16] .
There have been several mechanisms proposed to explain the associations between in utero environment and adult health in human populations [17] , however recent research has highlighted epigenetics as the 'link between genome and environment' capable of modulating gene transcription [18] . Reflecting on an evolutionary perspective of DOHaD, Hanson and Gluckman proposed the fetal origin hypothesis which states that fetal reprogramming, induced by in utero exposures, is a short-term adaption to the anticipated environment in order to maximize the survival of the individual. These adaptions are believed to occur partly through epigenetic changes [3, 19] .
Epigenetic effects
Epigenetic modifications are considered to be relatively stable during development and transmissible from one cell generation to the next (mitotic inheritance). It is believed that epigenetic marks can also be transmitted down organismal generations [20] , a mode of inheritance referred to as transgenerational epigenetic inheritance. Some of the earliest evidence for transgen-future science group
Epigenetics & the burden of noncommunicable disease: a paucity of research in Africa Review erational epigenetic inheritance comes from studies in plants. One of the oldest examples involves a change in flower symmetry from bilateral to radial in Linaria vulgaris. This change can be explained by a change in DNA methylation rather than DNA sequence. The phenotype of the flower correlates with the degree of DNA methylation at the promoter of the Lcyc gene, and the presence or absence of DNA methylation at the promoter correlates with its silent or active state, respectively [21] . In order for transgenerational epigenetic inheritance to occur, the reprogramming of epigenetic modifications that take place in the primordial germ cells and in the zygote, to ensure the totipotency of cells in the early embryo, must be bypassed [21] . Epigenetic modifications are influenced by several factors including age, the environment/lifestyle and disease state. New and ongoing research is uncovering the role of epigenetics in a variety of NCDs. DNA methylation, the most prominently studied epigenetic modification, is dynamic across an individual's lifetime and is affected by environmental influences. DNA methylation has been implicated in developmental disorders and cancer [22] and is of great interest to researchers as a potential link between genome, environment and disease [23, 24] . This epigenetic modification is crucial for normal mammalian development. Methylation patterns are established during embryogenesis in a spatiotemporal manner and remain mostly unchanged in adult cells. Modifications to the environment during early development can lead to permanent changes in the pattern of epigenetic modifications (Figure 1 ) [25] . An impressive example for fetal origins of adult disease is gestational diabetes mellitus (GDM). GDM is referred to as a carbohydrate intolerance that develops during pregnancy. In GDM pregnancies the balance between increased insulin resistance and maternal insulin production is disturbed, resulting in maternal hyperglycemia, fetal hyperinsulemia and consequently fetal overnutrition [13] . There have been a number of genome-wide and candidate gene DNA methylation studies designed to highlight the effects that overnutrition in utero (caused from GDM) has on the DNA methylation levels in the fetus. In 2013, Ruchat et al. reported on the impact of GDM exposure on offspring DNA methylation levels across the genome in placental and cord blood samples [26] . Genome wide DNA methylation was measured using the Infinium HumanMethylation 450 Beadchip and an Ingenuity Pathway Analysis was done to identify metabolic pathways epigenetically affected by GDM. They observed that a large number of genes in the placenta and cord blood are differentially methylated between samples exposed or not exposed to GDM and these genes are predominantly involved in metabolic disease pathways. They also observed a correlation between the level of DNA methylation at 326 genes in the placenta and 117 genes in cord blood with newborn weight. Together, these findings suggest that GDM exposure does have an impact on the newborn's epigenome. Since DNA methylation is mitotically fairly stable, the DNA methylation adaptions that occur in certain genes in response to GDM may have a profound longterm phenotypic effect. This could also explain why newborns exposed to adverse intrauterine environments such as GDM have an increased risk of developing chronic diseases later in life [26] . These studies have the potential to provide new insights into disease pathogenesis as well as provide disease predictive biomarkers. Despite the success of such epigenome-wide association studies (EWAS) in identifying common disease-associated loci in humans, a large proportion of disease causality remains unexplained [27] . Although EWAS studies have become more feasible, the candidate gene approach is still valuable and relevant, specifically in a resource poor environment and continues to prove successful in identifying genes involved in disease progression [9] . This approach avoids the multiple testing problems and allows one to detect significant changes of small effect size [13] . In two separate studies, Bouchard et al. examined whether a newborn exposed to a GDM intrauterine environment displayed an altered DNA methylation profile in two well-known obesity and diabetes candidate genes, leptin (LEP) and adiponectin (ADIPOQ) [28, 29] . The most significant finding from the earlier study was that DNA methylation levels in the leptin gene promoter region, in placental tissue only, was directly correlated with glucose levels in GDM women. In both the placental and cord blood tissue, the DNA methylation level in the leptin gene was associated with a decrease in leptin gene mRNA levels. In the more recent study, they demonstrated that DNA methylation levels were lower in the promoter of ADIPOQ on the fetal side of the placenta when the mother's blood glucose concentration was high during the second trimester of pregnancy. They also found that the lower DNA methylation levels were associated with higher levels of circulating adiponectin in the mother throughout pregnancy. The results from both studies showed that the DNA methylation profiles of these two genes were deregulated by exposure to maternal hyperglycemia. In a more recent study, the DNA methylation profiles of 14 metabolic programming candidate genes were analyzed in cord blood and placental samples [30] . The maternally imprinted MEST gene and nonimprinted glucocorticoid receptor (NR3C1) gene showed a significant decrease in the DNA methylation levels in GDM samples when compared with controls in both tissue types. The highest DNA methylation difference between groups reached 7.2% in the placenta, which is likely to have a physiological effect [9, 26] .
Epigenetic effects of the maternal nutrition environment on offspring in animals DNA methylation has been the topic of research in both animal models and human populations. Animal studies have demonstrated that nutritional factors can modify the epigenome of the developing offspring [11] . In a study done by Plagemann et al., epigenetic changes in the hypothalamic proopiomelanocortin (Pomc) and insulin receptor (Insr) genes were associated with neonatal over feeding of rats [31] . The level of DNA methylation was directly dependent on the amount of glucose given to the rats. The DNA methylation pattern and expression levels of the glucocorticoid receptor (Nr3cl) and peroxisome proliferator-activated receptor α (Ppara) genes, was altered in the liver and brain tissue of pregnant rats that were fed a protein strict diet [32, 33] . One of the most impressive animal model examples of the epigenetic effects of maternal nutrition on the fetus is the viable yellow agouti (A vy ) mouse model, in which coat color variation is correlated to epigenetic marks established early in development [34] . This mouse model has been used to investigate the impacts of nutritional and environmental influences on the fetal epigenome [34] . The agouti gene is present in all mammals and functions in the determination of coat color. In order to create a metastable epiallele in the mouse that can be switched on or off during early development, a transposable intracisternal A particle (IAP) element was inserted upstream of the Agouti gene transcription start site. The degree of methylation that occurs at this IAP element correlates inversely with Agouti gene expression and hence the phenotype of the mouse. When the degree of methylation at the epiallele was increased by adding methyl donors to the mother's diet [21] , the majority of the offspring appeared healthy and displayed a brown coat. This brown coat color or wild-type phenotype is the result of hypermethylation at the IAP element which suppresses Agouti gene expression. Hypomethylation of the IAP element increases Agouti expression and results in a yellow coat phenotype which is correlated with the susceptibility to metabolic diseases, cancers and obesity [11] .
Epigenetic effects of the maternal nutrition environment on offspring in humans
Individuals who were exposed in utero to the Dutch Hunger Winter famine had, almost 60 years later, less DNA methylation at the imprinted insulin growth factor 2 (IGF2) gene when compared with their same-sex, unexposed siblings [12] . In 2009, Tobi et al. investigated the methylation levels of 15 genes implicated in growth and metabolic disease in exposed and unexposed individuals from the Dutch Hunger Winter Cohort. They observed that the methylation of the INSIGF was lower and methylation of IL10, LEP, ABCA1, GNASAS and MEG3 was higher among exposed individuals when compared with their unexposed same-sex siblings. They also observed a significant interaction between the sex of the individuals and level of methylation in INSIGF,
Epigenetics & the burden of noncommunicable disease: a paucity of research in Africa Review LEP and GNASAS. Not only did exposed individuals have significantly altered levels of DNA methylation in a number of genes, they also had a higher incidence of chronic diseases such as obesity, CVD and diabetes when compared with unexposed siblings. The findings from these studies support the hypothesis that DNA methylation changes that occur in certain genes may be the result of prenatal famine exposure and that the level of methylation change depends on the sex of the exposed individual [35] . In 2010, Waterland et al.
showed that the seasonal variation in periconceptional nutrition induces significant increases in DNA methylation at certain metastable epialleles (ME) of individuals conceived during Gambia's rainy season [14] . Some of the observed DNA methylation changes were shown to persist into early infancy [15] , highlighting the permanent effect of periconceptional environment on a human epigenome [14] . These annual oscillations in nutrient availability and substrate utilization have long been known to affect fetal growth and development. After measuring the concentration of these 13 plasma biomarkers at the time of conception, they observed significant seasonal differences in the concentrations of eight of these biomarkers. The maternal periconceptional concentrations of FOL, B2, MET, BET and SAM were higher during the nutritionally poor rainy season and ACTB12, DMG, HCY and SAH were lower. They then tested whether these nutritionally driven seasonal differences in maternal periconceptional metabolism has an effect on the methylation profile of six known MEs. They found that methylation at these six MEs in the peripheral blood lymphocytes of infants conceived in the rainy season was consistently higher. This illustrates that maternal nutrition at the time of conception can influence the methylation patterns of MEs in offspring [36] . In 2012, Khulan et al. aimed to demonstrate that periconceptional maternal micronutrient supplementation might affect fetal genome-wide methylation within gene promoters. They obtained cord blood samples from offspring of Gambian mothers taking micronutrient supplementations or placebos during the pre-and periconceptional period. The global methylation patterns showed a significant association between micronutrient supplementation and changes in DNA methylation of CpG loci. These significant changes in the epigenome in cord blood DNA were also present in infant blood DNA samples taken at 9 months, proving that a majority of these changes are persistent. These results not only highlight the importance of micronutrient supplementation during the rainy seasons and around the time of conception in Gambia but also support the idea that the nutritional environment in which a fetus develops can influence the epigenetic programming of gene activity later in life [15] . It is unknown whether any epigenetic analysis has been done on the Biafra famine cohort.
Limitations to epigenetic studies
Germline genetic variation is present and unaltered in virtually every cell in an individual whereas the epigenetic profiles (such as DNA methylation) are subject to temporal and developmental dynamics and are also influenced by environmental factors [27] . Because DNA methylation patterns are cell type and tissue specific [11, 37] , obtaining readily available and informative tissue is challenging. Ideally, researchers should assess epigenetic modification in tissues that contribute to the phenotype they are studying. This is difficult in epidemiological studies conducted in humans as obtaining disease relevant tissue is often invasive and/or impossible [22, 38] . For this reason, surrogate tissues, most commonly whole blood, are used [39] . The assumption is that the cell types present in the surrogate tissue will reflect epigenetic modifications found in the target tissue, or at least yield biomarkers that, although not directly causative of the disease, can still be used for predictive and/or diagnostic purposes as well as provide new pathophysiological insights into the disease [27, 40] . Such approaches will not explore epigenetic differences that exist between different cells and tissues [41] . Regardless of whether a target or surrogate tissue is used, the cause-and-effect relationship between epigenetic changes and disease phenotype is not a simple one. The causal link between variation in epigenetic modifications observed between an affected (case) and unaffected (control) individual and the disease (or predisposition to developing the disease) is difficult to determine and changes may simply reflect differences in cellular composition between the disease and nondisease state [27, 38, 42] . The disease itself could induce epigenetic changes in an individual so it is important to distinguish between causal and noncausal associations [38] . It is therefore necessary to take into account cellular heterogeneity in whole blood by using a post hoc bioinformatic solution for confounding cell-type Review Hobbs & Ramsay bias in EWAS [22, 43] . Another challenge facing EWAS studies is sample size. The optimal size for an epigenomic study is not yet known, however, it is assumed that if the effects are moderate to small, ideally thousands of participants should be included in an EWAS study to avoid type one errors [38] . Moreover, power analysis, which is used to compute the minimum sample size for a study to give statistically significant results, is almost meaningless without realistic estimates of the degree of possible epigenetic difference between cases and controls [38] . Careful phenotyping can improve statistical power especially in studies with small-to-moderate sample sizes [44] . Epigenetic data from African countries is limited, leading to an under-representation of the epigenetic diversity in African populations. To highlight the international disparity in epigenetic NCD studies, the number of papers focusing on DNA methylation in stroke, CVD, diabetes and cancers in specific population groups (African, European, American and Asian) was quantified in the following manner using Google scholar. Search terms included 'DNA methylation' in combination with 'Africa' and 'stroke.' Each condition (stroke, CVD, diabetes and cancers) was limited to being a major subject matter. The search was repeated changing 'Africa' to 'USA' 'China' and 'Europe.' The advanced search on Google scholar was used to limit each search to those articles involving humans, having an abstract and written in English (Figure 2 ). Limitations of epigenetic studies that are unique to the African continent include lower levels of funding, poor infrastructure and health systems as well as a small number of trained scientists [5, 45] . EWAS studies could play a pivotal role in identifying disease-associated biomarkers for screening high-risk populations and in developing strategies for disease control and treatment. The cost involved in conducting such large-scale research projects is currently high, prohibiting this type of research in countries where funding is scarce. One of the biggest challenges to this scale of research in the African continent is poor or unavailable health infrastructure. Hospital records tend to be poor and/or nonexistent and for many individuals, accessibility to a healthcare facility is limited. Many laboratories lack state-of-the art facilities and equipment as well as a critical mass of skilled scientists. Ethics approval and recruitment for large-scale genomic and epigenomic studies requiring broad consenting for the sharing of data and biological material also pose challenges, as do language and cultural barriers [45] [46] [47] . On a more positive note, African populations harbor increased genetic diversity and rapidly changing environments (e.g., through urbanization) that provide a unique opportunity to explore genome-environment-epigenome relationships.
The effect of fixed genetic variation on DNA methylation When interpreting the role of epigenetic variation in a complex disease, it is important to consider both fixed genetic variation and environmental factors. It is well known that environmental factors are a source of epigenetic variation observed between individuals [48] , and there is a large amount of epidemiological data that links disease risk directly to the in utero environment which affects the epigenome through stable epigenetic modifications, and these resulting epigenetic marks alter the physiology to influence later disease risk [48, 49] . Recent studies have highlighted that a large proportion of DNA methylation variability across individuals and populations is also attributable to underlying genetic variability [48] [49] [50] .
McRae et al. found that the majority of the similarity in DNA methylation levels between relatives is due to genetic effects which means that approximately 20% of DNA methylation variation between individuals in a population is due to sequence-based DNA variants (SNPs) that are not located within the CpG sites. These identified SNPs, whose genotypes correlate with levels of DNA methylation, are termed methylation quantitative trait loci, or meQTLs [49] . Therefore the interindividual variation in DNA methylation is, in part, a result of nucleotide polymorphisms [48] . To determine whether these meQTLs varied with ancestral population, developmental stage and tissue types, Smith et al. analyzed genome-wide DNA methylation and SNP data from seven cohorts that varied by ancestry (African-American vs Caucasian), developmental stage (neonate vs adults) and tissue type (blood vs brain tissue). They found similarities in genotypedependent DNA methylation across this diverse range of subject characteristics and tissues [51] . Bell Epigenetics & the burden of noncommunicable disease: a paucity of research in Africa Review levels at 22,290 CpG dinucleotides in lymphoblastoid cell lines (LCLs). They found 180 CpG sites associated with nearby SNPs [52] . In a similar study using the same DNA methylation platform, Gibbs et al. studied samples from four human brain regions in 150 individuals and reported hundreds of SNP-associated CpG sites in each brain sample, with meQTLs typically located very close to the associated CpG site [53] . Although many DNA methylation studies have examined genome-wide DNA methylation data through array-based or whole-genome bisulphate sequencing technologies, they have not established populationepigenetic principles to guide design, efficient statistics or interpretation [52] . Liu et al. examined the observed correlation in DNA methylation data, generated from an Illumina HumanMethylation450 array, on whole blood from 247 healthy European individuals, focusing particularly on the CpG sites with the largest methylation variation (vCpGs). They observed that the clustering of correlated DNA methylation at these vCpGs was similar to that of linkage disequilibrium correlation in genetic SNP variation but for shorter distances. Furthermore, they aimed to determine the relationship between these contiguous methylation clusters and genotype at a population level by examining whether methylation correlation in clusters is driven by genetic variants. In doing so, they identified that some distinct methylation clusters were associated with the same underlying SNP cluster but were not spatially defined as a single cluster because uncorrelated vCpGs existed between them. These potentially noncontiguous genetically controlled methylation clusters were termed GeMes. Given that SNPs were found to control GeMes and that clusters of methylated CpGs are smaller than LD blocks, it would be of interest to incorporate CpG-methylation data and GWAS-SNP data to better understand the functional effects of genome-wide associations [54] .
Although the influences of prenatal environment on future disease risk are intensively studied, it is important to address the degree to which the environmental influences are moderated by genotype. Therefore any study aiming to explore the role of DNA methylation variation in a complex disease needs to carry out a parallel analysis of underlying genetic variation. These findings highlight the importance of understanding the genetic diversity of target populations. Africa is an important region in which to study human genetic diversity because of its complex population history and the dramatic variation in climate, diet and exposure to infectious diseases all of which result in high levels of genetic and phenotypic variation within the continent [55] . African populations are characterized by greater levels of genetic diversity when compared with non-African populations and although Africa is critical for understanding modern human origins and genetic risk factors for disease, only a small percentage of genomic studies have focused on African populations due to a number of challenges (Table 1) . Genetic studies of human disease are more challenging to perform in heterogeneous populations with higher genetic diversity. In 2009, Tishkoff et al., found that the genetic structure of Africans traces to 14 ancestral population clusters that broadly correlate with ethnicity and culture or language. Given the high levels of substructure and admixture between genetically distinct populations in Africa, even within small geographic regions, the study highlighted the heterogeneity of the African populations. Therefore, there is no single African population that is representative of the diversity present in Africa [56] . Studying patterns of genetic diversity, and how they correlate with epigenetic signatures, among the multitude of ethnically diverse African populations will shed light on the questions regarding the genetic basis of phenotypic variation. However, despite the important contributions that studies of the African populations can make, these populations are vastly understudied. By comparing populations in Africa to populations of African ancestry outside Africa, such as the African-Americans, it may be possible to begin to distinguish the roles of environmental and genetic risk factors that contribute to complex diseases. There have been a number of genome-wide epigenetic studies designed to observe DNA methylation variation in African-American cohorts [57] [58] [59] [60] .
Population specificity & DNA methylation
Recent advances in high-throughput technologies for measuring quantitative locus specific and genomewide DNA methylation have provided an opportunity to characterize methylation patterns in the context of human genome variation. DNA methylation can differ in diseases and cell types, or even between monozygotic twins, but while most research has focused on the potential for variation at the cellular level, relatively little research has been done to examine how epigenetic variation affects humans at the population level. DNA methylation patterns are important for establishing cell, tissue and organism phenotypes, but very little is known about their contribution to natural human variation [61] . As the scale of DNA methylation association studies approaches that of genome-wide association studies, issues such as population stratification have to be addressed. In addition to the variation within each population, they observed that a third of the genes they studied showed differences in the DNA methylation patterns between the populations. Although the methylation at over a thousand of the analyzed CpG sites is heritable, the heritability also seems to differ between populations, suggesting extensive divergence in the genetic control of DNA methylation [62] . These results suggest that DNA methylation is highly divergent between populations and this is due to a combination of genetic factors and complex gene-environment interactions. In 2013, Heyn et al. generated genome-wide DNA methylation profiles of three distinct human populations (namely Caucasian-American, African-American and Han Chinese-American) using the HumanMethylation450 BeadChip. They found that 439 CpG sites were significantly differentially methylated. Although many of these identified DNA methylation differences that distinguish the three major human ethnic groups were shown to be associated with underlying genetic changes (highlighting a direct relationship between the genetic and epigenetic modification), about a third stood alone as epigenetic markers and CpG methylation quantitative trait loci associated with natural variation in the human population [61] . These data help to explain phenotype diversity beyond that which is attributable to genomic variation. There is mounting evidence that on a genome-wide scale there is substantial ethnic variation in DNA methylation, only some of which is associated with genetic changes. It is therefore likely that African populations have both genetic and environmental influences on the methylome and it will be a challenge to tease these apart in the context of chronic disease studies.
In 2014, Kwabi-Addo et al. conducted a genomewide large-scale analysis of DNA methylation changes in prostate tissue from seven unaffected and three prostate cancer patients from African-American participants versus eight unaffected and three prostate cancer patients from European-American participants. Using the Human Methylation 450 Bead Chip they observed significant global DNA methylation differences in prostate tissue when comparing African-Americans to European-Americans. This finding provides a mechanistic explanation for the disease disparity [63] . In 2012, Nieminen et al. found distinct genetic and epigenetic signatures in colorectal cancers that were dependent on the ethnicity (Egyptian vs Finnish) and TSGMP) displayed a significant increased level of promoter region methylation when comparing Egyptian patients to Finish patients. They concluded that the possible effects of environmental exposures in carcinogenesis occur through DNA methylation. This observation could have important implications for prevention, diagnosis, prognosis and treatment of the disease [64] . Although these ethnic differences in human DNA methylation in the above mentioned studies have been shown for a number of CpG sites, the genomewide patterns and extent of these differences are largely unknown [62] . These small but extensive epigenetic differences observed between populations are most likely the result of both genetic [23] and environmental factors [62] . Adkins et al. found that, at birth, there are significantly different DNA methylation levels between African-Americans and Caucasians at a subset of CpG dinucleotides. The DNA methylation levels at 26,485 autosomal CpGs were assayed in 201 newborns (107 African-American and 94 Caucasian) and nonparametric analyses were performed to examine the relationship between these methylation levels and maternal parity and age, newborn gestational age, newborn gender and newborn race. They found that 13.7% (3623) of the autosomal CpGs exhibited significantly different levels of DNA methylation between AfricanAmericans and Caucasians and that 2% of autosomal CpGs had significantly different DNA methylation levels between male and female newborns. Cancer pathway genes, including those involved in four cancers (pancreatic, prostate, bladder and melanoma) with substantial ethnic differences in incidence, were highly represented among the genes containing significant ethnic-divergent CpGs [65] .
Environmental effects on DNA methylation variation
With regard to the environment, population specific environmental factors such as socio-economic status, infections and lifestyle may also contribute to differences in DNA methylation. Socio-economic status (SES) is a measure of an individual's or family's economic and social position based on education, income and occupation, and has long been a strong predictor of health. In many African countries, there exist inequalities in socio-economic status and the burden of infectious and NCD is greater among individuals of lower SES [66] . In a preliminary study, Borghol et al. revealed an association between exposure to a low SES in childhood and differential DNA methylation in adulthood [67] . Forty adult males from the 1958 British Birth Cohort were selected according to their SES at childhood and in mid adulthood. The SES scores were determined using specific criteria, dividing the men into the most disadvantaged and the least disadvantaged. Genome-wide DNA methylation in the blood of these men was performed using MeDIP (methylated DNA immunoprecipitation). The DNA methylation profiles in adult blood indicated greater association with childhood SES than with adult SES. In a separate study, McGuinness et al., investigated the relationship between SES and DNA methylation in a subset of individuals from the pSoBid cohort. This cohort is characterized by an extreme socio-economic and health gradient. They observed global DNA hypomethylation in the individuals classified as the 'most socio-economically deprived.' They also found an association between global DNA methylation and biomarkers of CVD and inflammation, after adjustment for socio-economic factors. Both these studies showed that there is an association between epigenetic modifications and SES. This relationship has direct implications for population health and is reflected in further associations between global DNA methylation content and emerging biomarkers of NCD [68] .
Another example of an environmental stress factor that influences epigenetic modifications in humans is that of bacterial infections, a common cause of illness and death in Africa. Studies have shown that bacteria have the ability to change the chromatin structure and transcriptional activity of their host cells. This is achieved through the induction of epigenetic modifications, such as DNA methylation. These bacterial induced epigenetic modifications may affect the host cell function either to promote host defense or to allow pathogen persistence [69] .
Conclusion & future perspective
De Vries and Pepper highlighted the importance of the development of genomics research 'In Africa, for Africa, by Africans.' We wish to adapt this statement to emphasize both the need for efficient collaboration and the potential global impact of studying African populations in Africa. This highlights the need to build capacity in Africa for research that leads to an understanding of the association between genetic, epigenetic and environmental risk factors for NCD on the continent [70] . Scientific interest in genomics studies in Africa is on the rise [70] . There are a few large research initiatives which specifically aim to understand the genomic and molecular underpinning of health in African populations. One such initiative is the Human Heredity and Health in Africa (H3Africa) Consortium that aims to facilitate a current research approach to future science group Review Hobbs & Ramsay study the genomic and environmental determinants of common diseases on the continent [71] . This initiative aims to contribute to the development of the necessary expertise among African scientists, and to establish networks of African investigators. H3Africa also aims to create a network of laboratories that are wellequipped to conduct research focused on the complex interplay between environmental and genetic factors which determine disease susceptibility and drug responses in African populations [70] . It is important that genomic and epigenomic research include populations from the poorer parts of the world, including Africa [70] . 
Noncommunicable disease in Africa
• Previously regarded as diseases of high-income countries, noncommunicable diseases (NCDs) are increasing at an alarming rate in low-and middle-income countries. This is mainly due to demographic transitions and changing lifestyles of populations associated with urbanization.
• Although public health in African countries has focused primarily on communicable diseases such as HIV/AIDS, malaria and tuberculosis, NCDs are now major sources of morbidity and mortality and are projected to overtake infectious diseases by 2030.
• Research highlights the importance of in utero and early life environment to an increased susceptibility to developing NCDs later in life.
• Given the burden of NCD in many African countries where healthcare resources are scarce, it is important to identify prenatal risk factors in an attempt to curb this growing epidemic.
Epigenetic effects
• Epigenetic modifications are influenced by several factors including age, sex, the environment/lifestyle and disease state.
• New and ongoing research is uncovering the role of epigenetics in a variety of NCDs.
• Epigenetic data from African countries is limited, leading to an under-representation of the epigenetic diversity in African populations.
The effect of fixed genetic variation on DNA methylation
• When interpreting the role of epigenetic variation in a complex disease, it is important to consider both fixed genetic variation and environmental factors.
• Recent studies have highlighted that a large proportion of DNA methylation variability across individuals and populations is also attributable to underlying genetic variability.
• Most research has focused on the potential for variation at the cellular level, relatively little research has been done to examine how epigenetic variation affects humans at the population level.
Conclusion & future perspective
• There is a need to build capacity in Africa for research that leads to an understanding of the association between genetic, epigenetic and environmental risk factors for NCD on the continent. • African populations harbor increased genetic diversity and rapidly changing environments (e.g., through urbanization) that provide a unique opportunity to explore genome-environment-epigenome relationships.
• There is a need to identify biomarkers through a systematic comparison of fetal epigenomes using genome-wide methylation arrays concentrating on African populations.
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Epigenetics & the burden of noncommunicable disease: a paucity of research in Africa Review lation-specific epigenetic changes that contribute to a population's epigenetic diversity. For this reason, epigenetic studies are not readily transferrable from one population to the next and it is necessary to identify disease-specific profiles, obtain knowledge regarding the exposure, the modifiable factors and their effects in order to develop population appropriate interventions. No writing assistance was utilized in the production of this manuscript.
•• Describes the epigenetics of gestational diabetes by focusing particularly on the role the environment (maternal nutrition) has on the developing fetus and consequences of this adverse environment for later life. • Highlights the downfalls and limitations of epigenetic studies that researchers need to take into consideration when planning such a study, independent on population group.
